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Abstract 
This work compares NPN and PNP SiGe HBTs fabricated simultaneously using Ge' implantation in 
the base to achieve an average Ge concentration of 4at.%. Electrical measurements are presented and 
discussed with TEM and SIMS analysis. The results show that the PNP HBTs give superior 
performance to the NPNs, as they have more ideal collector characteristics. The NPN HBTs exhibit 
collector-emitter leakage. Both types of Ge' implanted device have non-ideal base currents. TEM 
images show that both NPN and PNP devices have a high density of defects in the Ge' implanted area. 
The electrical results are explained by the opposing effect of the Ge' implant on the diffusion 
coefficients of boron and arsenic, as seen in the SIMS profiles. The increased emitter difhsion in the 
NPN HBTs creates a narrower base region, which is more prone to collector-emitter leakage. The 
hairpin dislocations in the base are thought to be the cause of the base current ideality deterioration. 
Introduction 
Although SiGe HBTs have been successfully fabricated by MBE' and CVD2, Ge' implantation offers 
an alternative processing technique which is fully compatible with existing VLSI, self-aligned 
technology3. It also offers advantages such as a graded profile and control over the location and dose 
of the Ge. Device simulations show that the graded profile produced across the base of the HBTs 
should peak at the collector-base junction for optimum performance, as shown in figure 14 .  In contrast 
to MBE and CVD, Ion Beam Synthesis (IBS) involves the epitaxial regrowth of amorphous SiGe 
layers. Previously NPN SiGe HBTs using IBS have shown improved performance when compared 
with Si BJTs'. The aim of this work is to fabricate SiGe HBTs using Ge' implantation within a 
standard complementary bipolar process so that the performance of NPN and PNP devices made 
simultaneously can be compared. 
Theory 
One advantage of SiGe HBTs is the collector current enhancement provided by the bandgap narrowing 
in the base. Doping levels greater than 10'7cm" will cause further bandgap narrowing to provide 
increased collector current6. However, this high doping will increase the base Gummel number, Gb, 
which acts to reduce the collector current as shown in equation (1). To take account of these factors, 
expression (2) can be used as an approximation to predict the expected collector current enhancement 
from the dopant profiles. In this work, an average Ge content is assumed by integrating over the 
basewidth, and this value is used to obtain the ratios of the density of states (NcNv)~ and the diffusion 
coefficient of the minority carriers in the base (Db)'. 
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Experimental procedure 
The transistors were fabricated by Mite1 Semiconductor using their standard complementary double 
polysilicon, self-aligned, bipolar process, with the addition of a Ge' implant step, The Ge' 
implantation was performed at the University of Surrey Ion Beam Centre using the DanfLsik implanter 
to give a Ge beam at 2OOkeV with a dose of 3 .6~10'~cm-~.  The implant was made into areas defined 
by the extrinsic base polysilicon and oxide. This energy and dose will typically cause amorphisation 
to a depth of about 250nm, which will be recrystallised during the subsequent spacer oxidation. 
Another wafer processed simultaneously was not implanted, to provide Si BJTs. A schematic of the 
HBT device structures is shown in figure 2. 
Electrical measurements were made on a number of different device geometries, on over 50 transistors 
on each wafer. Transistors were investigated using Gummel plots and junction characteristics at 300K 
performed with an HP4155 parameter analyser. Both bright and dark field TEM images were 
recorded to give maximum information about defects due to implantation damage and subsequent 
regrowth. Typically the areas analysed by cross-section TEM were about 1pm2 so that the lower 
detection limit of defect density was of the order of 108cm-2. SIMS analysis was performed using 
simultaneous profiling of the dopants to give accurate depth scaling'. 0; primary bombardment and 
positive secondary ion detection were used to optimise the sensitivity to boron, while the sensitivity to 
arsenic was increased by the use of oxygen flooding of the sample surface. The 0; beam at lOkeV 
with 0.3pA current was rastered over a 250pm square. Ge was measured using Cs' ions with 14.5keV 
energy and lOnA current with the beam rastered over 75pm2. 
Results 
Figures 3 and 4 show typical Gummel plots of the NPN and PNP devices respectively. It is clear that 
the control silicon devices of both type have ideal collector currents, with a mean ideality factor of 
1.03 for the NPN and 1.06 for the PNP. The base current characteristic is less ideal with some leakage 
observed below Veb=0.6V. At a V& of 0.7V the base current for each BJT device is still ideal and 
current gains of 100 and 120 are obtained for the NPN and PNP devices respectively. The base 
current leakage seen for the BJTs is accentuated for the HBTs, with the PNPs showing a greater 
increase than the NPNs. For the HBTs, the collector current of the PNP HBT remains ideal with a 
mean ideality of 1.05, however as the base current characteristic is so poor, no accurate value of 
current gain can be obtained. The PNP results in figure 4 do not show any significant collector current 
increase for the HBT compared with the Si BJT. The NPN HBTs typically show collector-emitter 
leakage, as seen in figure 3, where the value of the collector current never drops below 0.1 mA at a Vh 
of 0.3V. This was verified by looking at the characteristic across the collector-emitter and obtaining a 
current indicating a resistance of typically 40052 as shown in figure 5 .  
Cross-section TEM images of NPN and PNP HBTs respectively are shown in figures 6 and 7. Both 
show a high density of hairpin dislocations in the region where the Ge' implant caused amorphisation. 
These wafers did not have a specific regrowth anneal after implantation, but relied on a subsequent 
processing step to recrystallise the amorphous area created by the implant. The devices were 
implanted at room temperature and the high beam current density used during implantation results in a 
high concentration of excess Si interstitials below the amorphous/crystalline interface. The relaxation 
of the compressive strain associated with this point defect population is believed to be responsible for 
the nucleation of the hairpin dislocations". These form at the end of range defects, where the 
amorphous/crystalline interface was located following the implant, and extend up to the surface. 
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SIMS profiles from the NPN devices are compared in figure 8. It is seen that the emitter profile of the 
HBT is much deeper than the Si BJT. The resolution of the SIMS is limited and so the actual profiles 
are assumed to be much steeper than those measured. An estimate of the true emitter-base junction 
depth has been marked on the profiles for each device, as indicated by a small inflection in the boron 
base profile. The detection level for arsenic has been compromised by simultaneously profiling the 
dopants and so the fluctuations about 1O”cm” are artefacts of the measurement technique. Under 
these limitations, base widths and dopant doses have been estimated and are listed in Table 1 for both 
BJTs and HBTs. 
PNP SIMS profiles are compared in figure 9 for the Si BJT and the HBT. In this case it can be seen 
that the SiGe in the base has retarded the boron diffusion from the emitter. However the integrated 
base dopant and the basewidth are less than those for the BJT as shown in Table 1. This is because the 
arsenic concentration in the base of the HBT is lower than that in the BJT. 
The Ge profiles are compared with a simulated profile in figure 10, and both profiles are very similar 
to the simulation. When the Ge profiles from the NPN and PNP HBTs are compared, it can be seen 
that there is virtually no difference between them. The junction depths are marked on the profiles and 
the average Ge concentration in each base region is listed in Table 1. Although the PNP basewidth is 
much wider than the NPN, the junction depths are shallower and so there is a lower Ge concentration, 
which results in both types of device having almost the same total dose of Ge in the base. 
Discussion 
These electrical results show that NPN SiGe HBTs using IBS are more prone to punchthrough than 
PNP devices fabricated at the same time. From TEM analysis the implantation defects in both types of 
device appear to be the same. SIMS analysis shows that the arsenic emitter diffusion in the NPN 
devices has been enhanced by the addition of the Ge’ implant to the processing. Previous work has 
predicted that arsenic diffusion in SiGe should be enhanced when compared with diffusion in bulk 
silicon”. It is as yet unclear how much effect the Ge has on the diffusion coefficient and how much it 
is affected by the implantation damage, which has also been shown to enhance arsenic.diffusion’*. 
PNP transistors showed ideal collector currents with boron emitter profiles which had reduced 
diffusion in Ge’ implanted devices. This is in qualitative agreement with previous research where the 
boron diffusion coefficient in SiGe is reduced when compared with diffusion in bulk siliconI3. 
Using expression (2) and the base details obtained from the SIMS profiles, the predicted collector 
current enhancement for the PNP HBTs is 1.84 (Table 1). The variation in the collector current 
values, measured at Veb=O.7V, have masked any enhancement provided by the presence of the Ge. It 
is obvious from Table 1 that the heavy doping in the base region does reduce the collector current 
enhancement factor, as the bandgap narrowing provided by heavy doping in the BJTs is larger than 
that in the HBTs, in both NPNs and PNPs. In the case of the NPNs, we would predict a larger increase 
in IC than for the PNPs, but any increase is obscured by the leakage current. 
Both NPN and PNP HBTs have a dense band of hairpin dislocations in the Ge’ implanted base area. It 
is presumed that these defects are associated with the high concentration of Si excess interstitials 
below the amorphoushystalline interface causing non-planar epitaxial regrowth of the amorphous 
region. The resulting defects are responsible for the increased emitter-base leakage seen in the non- 
ideal base current characteristics. 
Conclusions 
PNP SiGe HBTs have been successfully fabricated using Ge’ implantation. The PNP HBTs show 
better electrical characteristics than NPN devices on the same wafer, despite both types of device 
having many hairpin dislocations in the implanted region. The NPN HBTs are prone to collector- 
emitter leakage caused by enhanced arsenic emitter diffusion in SiGe creating a narrow basewidth, 
with lower base doping. Further work is necessary to quantify the diffusion enhancement for arsenic. 
Results show reduced boron diffusion into the PNP SiGe base region, in qualitative agreement with 
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observed diffusion coefficient changes. The hairpin dislocations in the implanted bases are assumed 
to cause increased base current leakage. 
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Figure1 : Ge and dopant concentration-depth profile 
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collector base emitter 
Figure 2: Schematic of the transistor structure, showing the location of the SiGe alloy 
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Figure 3: NPN Gummel plot for Si BJTs and SiGe Figure 4: PNP Gummel plot for Si BJTs and SiGe 
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Figure 5: Collector-emitter leakage from a typical 
NPN HBT implanted with 200keV 3.6e16cme2 Ge’ 
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Figure 6: TEM image of the emitter-base 
area of an NPN HBT implanted with 
200keV 3.6e 16cm-* Ge' 
Figure 7: TEM image of the emitter-base 
area of an PNP HBT implanted with 
200keV 3.6e16cm-* Ge' 
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Figure 8: SIMS profiles for NPN 
BJTs and Ge' implanted HBTs 
Figure 9: SIMS profiles for PNP BJTs 
and Ge' implanted HBTs 
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Figure 10: Germanium profiles from SIMS compared 
with ATHENA simulation and junction depths 
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